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It is well known that hydrogen can have a detrimental effect on the mechanical properties of metals. The
aim here is to provide a fully coupled model of the HELP (Hydrogen Enhanced Local Plasticity) mecha-
nism with hydrogen transport. Using the similarities between the heat and mass diffusion equations, a
coupled temperature–displacement procedure has been adopted to allow the coupling between hydro-
gen diffusion and the mechanical behaviour of the material to be simulated. The diffusion equation takes
into account the fact that hydrogen atoms reside in interstitial sites and in trapping sites such as dislo-
cations. In the simulations presented here it is assumed that concentration of hydrogen at the disloca-
tions is in equilibrium with the concentration in the matrix interstitial sites. The mechanical behaviour
of the material is represented by an isotropic hardening law in which the flow stress decreases with
increasing hydrogen content in the matrix which is evaluated by solving the fully coupled mechanical dif-
fusion equations. We use the model to analyse the response of a plane strain component which contains
deep and sharp doubled-edged notches. For highly constrained components of this type the hydrostatic
component of stress scales with the local yield strength of the material. A high local hydrostatic stress
would result in a high hydrogen concentration, but a high hydrogen concentration results in softening,
i.e. a low yield strength, and therefore a low hydrostatic stress. These conflicting relationships result in
a balance being achieved between hydrostatic stress, hydrogen concentration and yield strength, i.e.
the response does not become unstable. Also there is a high degree of kinematic determinacy in the
way which the component deforms, i.e. the strain pattern in the presence of hydrogen is very similar
to that when there is no hydrogen. A consequence of these two effects is that softening of the constitutive
response due to the presence of hydrogen, does not lead to localization of strain and a macroscopic brittle
response. Softening must be combined with other degradation process for the material to embrittle.
 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Experimental studies and fractography analysis of iron and
steels indicate a deleterious influence of hydrogen on their
mechanical properties. There is extensive evidence documented
in the literature on the effect of hydrogen in degrading the proper-
ties of high strength steel; resulting in reduced ductility, strength
and toughness, accompanied in most cases by intergranular brittle
fracture [1–4]. However, opinion is divided concerning the mecha-
nisms that are responsible for this embrittlement. Numerous theo-
ries have been suggested and reviewed. For non hydride forming
materials they can be grouped into two main primarymechanisms: hydrogen induced decohesion (HID) and hydrogen
enhanced local plasticity (HELP). The HID mechanism finds its
roots in the work by Scott and Troiano [1] and Oriani and Josephic
[5] which postulates that hydrogen, which accumulates at a crack
tip, reduces the cohesive strength of atomic bonds giving rise to a
reduced fracture toughness. The HID theory has been generalized
by assuming that hydrogen lowers the cohesive strength of a range
of internal interfaces such as grain boundaries or carbide–matrix
interfaces. The HELP mechanism implies that hydrogen enhances
the dislocation mobility by reducing the elastic interaction energy
between dislocations. As a consequence, hydrogen reduces the
applied stress necessary to move a dislocation through a field of
obstacles. This phenomenon promotes material softening. It is
worth mentioning that the HID mechanism at the atomic level,
i.e. hydrogen decreasing the atomic cohesion, has not been proved
experimentally. However, atomistic simulations have revealed that
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There have been experimental studies of the effect of hydrogen
on the crack tip opening angle, which reduces with increasing
hydrogen content for a Si-doped iron single crystal. The crack tip
becomes sharper in the presence of hydrogen and the fracture sur-
face appears brittle [6]. The HELP mechanism is supported by the
experimental studies of Robertson using an in situ charging cell
in an environmental TEM [7], in which it is shown that hydrogen
enhances the dislocation mobility in stainless steel. However,
recent theories recognise that the HID and HELP mechanisms
might act in synergy. Novak et al. [8] present work on hydrogen-
induced intergranular failure in AISI 4340 steel, in which they
assume that failure initiates by decohesion at grain-boundary car-
bides. Hydrogen promotes the mobility of dislocations that pile up
at the matrix carbide interface and enhancing the local stress there.
Recently, the authors [9–11] have modelled the behaviour of a
carbide-rich region in a dissimilar weld interface in the presence
of hydrogen. This carbide rich region provides a low energy path
for crack growth. An Abaqus finite element model of the carbide-
rich microstructure was created by image processing which con-
verts a TEM image into a finite element mesh. The presence of fine
carbides plays an important role in the constitutive response of
these materials. Simulations show that in regions where the
hydrogen content is high the matrix surrounding the carbides
softens and plastic flow is localized. Moreover, the presence of
hydrogen lowers the cohesive strength, giving rise to microcrack
formation at the carbide–matrix interface, leading to microvoid
formation. As deformation proceeds the pores enlarge and link to
form cracks, which generates the failure surface. This failure
process is supported by experimental observation of failed
components.
In order to fully model these and other failure mechanisms that
have been proposed in the literature we need to solve the hydro-
gen diffusion equation to determine how hydrogen is distributed
inside the material and couple this with the mechanical constitu-
tive response of the material. The aim of this paper is to explain
in details how to solve coupled hydrogen diffusion-mechanics
problems in a finite element context by using the commercial finite
element software Abaqus. We use the similarity between heat
transport and diffusion in order to adopt the coupled tempera
ture–displacement procedure available in Abaqus to effectively
solve diffusion-mechanics problems. This requires the implemen-
tation of a user subroutine (UMATHT) for the diffusion equation.
Here we concentrate on coupling the elasto-plastic response with
models of diffusional transport and use the resulting routines to
analyse a range of problems that have been designed to provide
new insights into the HELP mechanism. In a subsequent paper
we combine these routines with those for interface decohesion,
modelled using cohesive elements, to model situations where dif-
fusion, plastic deformation and decohesion (e.g. at grain bound-
aries or carbide/matrix interfaces) combine to determine the
component response.
The structure of this paper is as follows. Firstly, we give a
detailed description of the hydrogen diffusion equation. We then
discuss the analogy with the heat transfer problem and the imple-
mentation of the equation in a UMATHT subroutine in Abaqus. We
include details of the implementation. We solve first a simple dif-
fusion problem for which an analytic solution is available, and then
analyse diffusion in an elastic plate with a hole and compare the
solution with analytical results. Both these simulations serve to
validate the models and the code. We then analyse the response
of a double-edged notched plane strain component whose isotro-
pic hardening law is a function of the hydrogen content. We show
the effect of plastic strain on the concentration of hydrogen in the
traps and in the lattice and evaluate whether for this type of com-
ponent plastic flow localizes, leading to failure at low macroscopicplastic strain, i.e. whether failure can occur exclusively by a HELP
process.
2. Hydrogen diffusion equation
It is well known that hydrogen being the smallest element dif-
fuses more easily through metals than any other element. Even at
low concentration, hydrogen often leads to the embrittlement of
metals for reasons that are not yet well understood, but are cer-
tainly related to the speed at which it can diffuse to highly stressed
regions. Hydrogen atoms move through a metal by normal intersti-
tial site (NILS) diffusion or dislocation transport. Hydrogen atoms
reside either at NILS or at trapping sites such as dislocations, grain
boundaries, carbide/matrix interfaces, microvoids and other
defects. The vast majority of sites are the NILS and the minor frac-
tion of sites are the traps. Here we consider a lattice consisting of
two kinds of sites for occupancy by hydrogen. Hydrogen trapping
at defects has a large effect on the diffusion process. Hydrogen dif-
fuses so easily that even shallow traps can produce a significant
effect on the diffusivity. One of the first theories on the mobility
of dissolved hydrogen in an iron lattice containing trapping sites
was given by McNabb and Foster [12]. They introduced a diffusion
equation solved with terms for sources and sinks. Oriani [13] refor-
mulated the work by McNabb and Foster introducing the assump-
tion of local equilibrium between the mobile and the trapped
populations for a restricted domain of degree of trap coverage.
Sofronis and McMeeking [14] formulated the hydrogen transport
problem coupled with large deformation elastic–plastic behaviour
of a material based on Oriani’s theory. In [14] the authors incorpo-
rated the effect of hydrostatic stress and trapping sites at disloca-
tions, which increase in number as the material deforms
plastically. Krom et al. [15] demonstrated that the hydrogen trans-
port model proposed in [14] does not provide a correct hydrogen
balance. Hence in [15] a modification on the hydrogen diffusion
model is introduced which includes a factor depending on the
strain rate. The strain rate factor decreases the hydrogen concen-
tration in lattice sites due to the filling of trap sites.
2.1. Implications of Oriani’s assumptions
Oriani’s theory is based on considering a lattice consisting of
two kinds of sites for occupancy by hydrogen. He postulates that
the vast majority of sites are the ordinary or ‘‘normal interstitial”
sites. The minor fraction of sites called ‘‘trapping” sites provides
an energetically favourable environment for occupancy by the
hydrogen atoms. We consider here the case in which the number
of trapping sites is small. The trap population then does not reduce
significantly the cross-section for diffusion in the normal lattice.
We denote the hydrogen concentration in the lattice as CL (number
of H atoms per unit volume) and use CX to denote the concentra-
tion associated with the hydrogen in the traps. In this paper we
consider only one kind of trap, i.e. hydrogen trapped at disloca-
tions. The total concentration of hydrogen is given by
CT ¼ CL þ CX , where
CL ¼ bhLNL ð1Þ
bis the number of interstitial sites per solvent atom, 0 6 hL  1 , is
the fraction of lattice sites occupied by hydrogen atoms and
NL ¼ qNAAr ¼ const: ð2Þ
is the number of atoms of solvent per unit volume (atoms/m3). The
density and relative atomic mass of the lattice element are q and Ar
respectively and NA is Avogadro’s number. Similarly CX is the hydro-
gen concentration trapped at dislocations:
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a ¼ 1 denotes the number of trapping sites, NX (atoms/m3) denotes
the number of atomic trapping sites along the total dislocation line
length per unit volume, which increases with plastic strain and
0 6 hX  1 is the fraction of trapping sites occupied by H atoms.
We assume that NX is proportional to the dislocation density qd
and that the dislocation density is a function of the accumulated
plastic strain,
NXðepÞ ¼
ﬃﬃﬃ
2
p
a
qdðepÞ ð4Þ
where a is the lattice constant and the prefactor is 1=b, where b is
the magnitude of the a=2h110i Burgers vector in fcc which is a rea-
sonable approximation for the atomic spacing along a dislocation
line. We discuss particular forms of qdðepÞ in Section 4.
It proves more convenient when analysing H diffusion in a body
to express the concentration in units of mol=m3. We place a bar
over the symbol when dealing with molar quantities, i.e.:
CL ¼ CLNA ð5Þ
CX ¼ CXNA ð6Þ
Mass conservation states that the rate of change of the total
hydrogen concentration in a volume X is equal to the flux J
(mol m2 s1) through the surface @X.
@
@t
Z
X
CL þ CX
 
dXþ
Z
@X
J  ndS ¼ 0 ð7Þ
where n is the outward normal to @X. The driving force for diffusion
is the chemical potential gradient, the flux J can be expressed as
follows:
J ¼ DL
CL
RT
rl ð8Þ
where DL is the diffusion coefficient for hydrogen. Here we ignore
pipe diffusion along the dislocation line [16] on grounds that the
dislocation spacing is much larger than the core radius and that fast’
pipe diffusion may be slower than diffusion through the lattice [17].
The chemical potential, l, is defined as follows:
l ¼ l0 þ RT ln CL þ lr ð9Þ
l0 represents the chemical potential at standard condition,
lr ¼ rHVH where rH is the hydrostatic stress and VH the partial
molar volume of hydrogen. Substituting (9) into (8) we obtain:
J ¼ DLVH
CL
RT
rrH  DLrCL ð10Þ
Substituting (10) into (7) then gives:
@
@t
Z
X
CL þ CX
 
dXþ
Z
@X
DLVHCL
RT
rrH  DLrCL
 
 ndS ¼ 0 ð11Þ
Applying the divergence theorem, we obtain:
@CL
@t
þ @
CX
@t
þr  DLVH
CL
RT
rrH
 
r  ðDLrCLÞ ¼ 0 ð12Þ
In Eq. (12) there are two unknowns: CL and CX . However follow-
ing Oriani’s theory the H concentration in the lattice was assumed
to be in equilibrium with the concentration in the traps. This
means that once we know the concentration in the lattice we
can calculate the concentration in the traps.11 This contradicts Eq. (16) in [18] which is dimensionally inconsistent.CX ¼ NXhXNA ¼
NX
NA
1
1þ ð1hX ÞhX
ð13Þ
Oriani’s theory [13] states that for hL  1:
hX
ð1 hXÞ ¼ KhL ð14Þ
where
K ¼ exp WB
RT
 
¼ const: ð15Þ
and WB < 0 represents the binding energy for the traps. Substitut-
ing (14) into (13) we can express the concentration in the traps as
a function of the density of trapping sites and the concentration
in the lattice:
CXðCL; NXÞ ¼ NXðepÞ KhL1þ KhL
bNL
bNL
¼ NXðepÞ K
CL
bNL þ KCL
ð16Þ
where
NL ¼ NLNA ¼ const:
NXðepÞ ¼ NXðe
pÞ
NA
: ð17Þ
where ep is a scalar measure of the plastic strain and NXðepÞ is a
function of the plastic strain through (4) and the constitutive rela-
tionship that relates dislocation density to p. The time derivative
of the trapping site concentration, @CX=@t in (12),can now be
expressed as follows:
@CX
@t
¼ @
CX
@CL
@CL
@t
þ @
CX
@ NX
dNX
dep
dep
dt
ð18Þ
Substituting (18) in (12) we obtain:
@CL
@t
1þ @
CX
@CL
 
r  ðDLrCLÞ þ r  DL
CLVH
RT
rrH
 
þ @
CX
@ NX
dNX
dep
dep
dt
¼ 0 ð19Þ
From (16) we obtain:
@CX
@CL
¼ b
NXK NL
ðbNL þ KCLÞ2
ð20Þ
@CX
@NX
¼ K
CL
ðbNL þ KCLÞ
ð21Þ3. Analogy with the heat transfer problem
In order to implement the coupled hydrogen transport equation
given in Eqs. (19)–(21) we use the similarities with the heat equa-
tion as noted by Oh et al. [19]. Table 1 summarizes the analogy
between the heat equation and the hydrogen diffusion equation.
It can be seen that the form of the equations are identical. The
degree of freedom in the heat equation is temperature, T, whereas
in the hydrogen diffusion equation it is CL. We believe that there is
a mistake in the table in which Oh et al. [19] summarize the anal-
ogy of variables between the heat transfer analysis within Abaqus
and the hydrogen diffusion analysis. We refer in particular to the
definition of the variable that is analogous to the internal energy
Uq in Table 1 which is the total hydrogen concentration CT and
not the chemical potential as claimed by Oh et al. The coupled
thermo-mechanics procedure (available in Abaqus) can then be
used to solve coupled diffusion-mechanics problems. In Oh et al.
[19] the evaluation of the gradient of hydrostatic stress inside an
element is calculated by storing the hydrostatic stress (evaluated
at each gauss point) in an external file which is then read inside
Table 1
Analogy of variables between heat transfer and diffusion analysis in ABAQUS.
Heat equation Mass diffusion equation
qcP @T@t þr  Jq þ rq ¼ 0 CT@t þr  Jm þ rm ¼ 0
Derivative of thermal energy per unit
mass _Uq ¼ cP @T@t
Derivative of total H concentration
@CT
@t ¼
@ CLþCXð Þ
@t
Degree of freedom: temperature T Degree of freedom: lattice H
concentration CL
Heat flux: Jq Hydrogen flux:
Jm ¼ DL CLVHRT rrH  DLr
!
CL
Heat source: rq (assume rq ¼ 0) Hydrogen source: rm (assume
rm ¼ 0)
density: q 1 Unity
Table 2
Quantities that need to defined in the UMATHT subroutine.
Heat equation Mass diffusion equation
Quantity to be defined in the
UMATHT
Quantity to be defined in the
UMATHT
@Uq
@T ;
@Uq
@rT ;
@Jq
@T ;
@Jq
@rT
@CT
@CL
; @
CT
@NX
; @
Jm
@CL
; @
Jm
@ rCLð Þ
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constitutive law (UMAT) to be then passed to the UMATHT subrou-
tine, which implements the thermal constitutive model. Here we
show that we can compute directly the gradient of hydrostatic
stress inside the UMATHT by using a commonblock with Abaqus
USDFLD and GETVRM subroutines. Here we report all the details
necessary to fully implement the procedure.
3.1. Implementation of the model in the UMATHT subroutine
The thermal constitutive behaviour of the material and internal
heat generation during heat transfer can be defined by the varia-
tion of internal energy with temperature and with spatial temper-
ature gradient i.e. @Uq
@T ;
@Uq
@rT in the UMATHT subroutine available in
Abaqus. The analogous quantities for the diffusion problem are
summarized in Table 2. It is essential to note that in order to imple-
ment the hydrogen diffusion equation, the quantities to be defined
are: the variation of total hydrogen concentration (CT ¼ CL þ CX)
with CL and with the trap density NXðepÞ which is a function of
plastic strain. Moreover, the variation of heat flux with tempera-
ture and with spatial temperature gradient i.e. @
~Jq
@T ;
@~Jq
@ rTð Þ respectively
corresponds to the variation of hydrogen flux with CL and with the
hydrogen concentration gradient i.e. @
~Jm
@CL
; @
~Jm
@ rCLð Þ. The hydrogen diffu-
sion Eq. (19) can be written using the formalism appropriate for
the subroutine as follows:
CT t þ Dtð Þ ¼ CT tð Þ þ @
CT
@CL
dCL þ @
CT
@ NX
dNX
dep
dep ð22Þ
The terms in (22) can be obtained as follows:
@CT
@CL
¼ 1þ bNXK NL
ðbNLþKCLÞ2
@CT
@ NX
¼ KCL
KCLþbNL
@~Jm
@CL
¼ DLVHRT ~rrH
@~Jm
@ rCLð Þ ¼ DLI
ð23Þ
where I is the identity matrix. It is essential to note that in order to
calculate the gradient of hydrostatic stressrrH in Eq. (23) we need
to use a commonblock together with the USDFLD subroutine.
USDFLD allows field variables at a material point to be defined as
a function of time or of any of the available material point quanti-
ties; in this case the direct components of stress. USDFLD calls the
utility routine GETVRM to provide access to the values of the mate-
rial point quantities at the start of the increment. In order to evalu-
ate the gradient of hydrostatic stress we interpolate the hydrostatic
stress inside the element at each gauss point. The interpolation is
identical to the procedure used to calculate the strain field fromthe nodal displacements. Here we interpolate from the gauss points.
4 – node coupled temperature–displacement plane strain elements
CPE4T cannot be used for this purpose as they are linear elements
for which Abaqus imposes a constant hydrostatic stress within
the element. Here we use quadratic 8 – node hybrid coupled tem
perature–displacement plane strain elements CPE8HT. Then
rrH ¼ @rH
@xj
¼ @rH
@s1
@s1
@x1
þ @rH
@s2
@s2
@x1
;
@rH
@s1
@s1
@x2
þ @rH
@s2
@s2
@x2
 
¼ @rH
@s1
;
@rH
@s2
  @s1
@x1
@s1
@x2
@s2
@x1
@s2
@x2
" #
¼ @rH
@si
J1ij ð24Þ
@rH
@si
¼
X
a
@Na
@si
raH; J
1
ij ¼
@x1
@s1
@x2
@s2
 @x2
@s1
@x1
@s2
 1 @x2
@s2
 @x1
@s2
 @x2
@s1
@x1
@s1
" #
;
@xi
@sj
¼
X
a
@Na
@sj
Xai ð25Þ
where the values at node a ¼ 1 . . .9, Xa and ra, are the integration
point values of the parent element as the element is considered to
be a 9 node element whose nodes coincide with the gauss points
of the fully integrated 8 node element. The shape function deriva-
tives are evaluated at the node, that is to say the gradient can vary
within an element due to changes in shape of the element, captured
by the inverse of the Jacobian and variations in rH .4. Numerical results
In this section we analyse three problems with increasing
degree of complexity. We start by analysing a 1D diffusion prob-
lem, which allows the numerical simulation to be compared
directly with an analytical solution. We then analyse an elastic dif-
fusion 2D problem in the absence of traps, for which analytical
results are available to verify the accuracy of the steady state solu-
tion at constant load. We then analyse a fully coupled elasto-
plastic diffusion problem and evaluate the HELP mechanism of H
embrittlement described in the introduction.
4.1. Pure diffusion
We present here the solution of a simple 1D diffusion problem,
Fig. 1, which we can compare with the analytical solution. We con-
sider that all H resides in lattice sites, i.e there are no traps and
CT ¼ CL. Fig. 1 shows a bar of length l = 50 mm. CL ¼ 0 throughout
the bar and at time t = 0 the concentration at one end is increased
to 100 molm3 . Fig. 1 shows the full transient solution. The governing
equation for this problem is well known as well as the analytic
solution [20]:
@C2L
@x2
¼ 1
DL
@CL
@t
ð26Þ
The analytic solution reads:
CLðx; tÞ ¼ C0 þ xl ð
Cl  C0Þ þ
X1
n¼1
cn exp n
2p2DLt
l2
 
sin
npx
l
	 

ð27Þ
Fig. 1. Transient concentration of H considering no trapped species:comparison
between analytic solution and simulation. Fig. 2. Concentration of H considering no trapped species:comparison between
analytic solution CLA ¼ 21:4 and simulation CLA ¼ 21:39.
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Z l
0
f ðxÞ sin npx
l
	 

dxþ 2
np
1nðCl  C0Þ
  ð28Þ
Eq. (26) is essentially a simplified version of (19) in which the
term @
CX
@CL
¼ 0 and the last two terms of (19) are zero. Eq. (26) is
implemented in UMATHT by simply coding the following terms:@ CT
@CL
¼ 1 ð29Þ
@Jm
@ rCL
  ¼ DLI ð30Þ
Fig. 1 shows the transient hydrogen concentration distribution
along the bar for both the analytical and computational solution.
The value of diffusivity is DL ¼ 3:8 1011 m2/s and the computa-
tions were conducted using quadratic continuum coupled tempera
ture–displacements hybrid element i.e. CPE8HT. The characteristic
time for diffusion (i.e. time necessary for hydrogen to diffuse along
the bar) can be determined by using the well known relation
t ¼ l2DL ¼ 6:5 10
7 s. Here we consider a fixed time step of
dt ¼ 1 104 s and a total time of t ¼ 1 106 s. The Abaqus results
almost perfectly agree with the analytic solution of (27).4.2. Coupled diffusion-mechanics problems
This section aims to validate our code with analytical solutions
for more complex geometries. We present numerical results for a
plate with a hole and a plate with deep double-edged notch. In
both cases we assume that the hydrogen concentration is initially
uniform in the plates. We then ramp up the displacement remote
from the discontinuities. The aim is to predict how the hydrogen
redistributes inside the plate. Furthermore we assume that all
boundaries are insulated so that there is no flux of hydrogen away
from the plate.4.2.1. Elastic plate with a hole
In the first example we consider an elastic plate in which we
consider that all hydrogen resides in lattice sites, i.e. we don’t con-
sider trapped hydrogen and CL ¼ CT . We present here a comparison
with an analytic solution. The aim is to calculate the H concentra-
tion at the edge of the hole. The example in Fig. 2 illustrates a plate
with a hole subjected to a uniform stress ry ¼ 100 Pa. The hydro-
gen concentration in the lattice is initially CL ¼ 20 mol m3
throughout the plate. The plate is modelled with continuum quad-
ratic hybrid elements (CPE8HT) with Young’s modulus 200 GPa
and Poisson’s ratio m ¼ 0:3. The last two equations of (23) give
the diffusional response. In the simulations presented here we
have used DL ¼ 3:8 1011 m2 s and VH ¼ 2 106 m3 mol. The
characteristic time for diffusion is t ¼ l2=DL ¼ 4:2 105 s where
l ¼ 4 103 m is equal to the radius of the hole. Here we consider
a total time of t ¼ 1 1010 s and a time step which varies between
dt ¼ 100 s and dt ¼ 1000 s. In this case Abaqus requires the value
of the maximum change in concentration at each increment to
be specified. This is indicated by a variable called deltmx. It is worth
noting that this variable needs to be an integer and its minimum
value is deltmx = 1 mol m3 which is the value that we use here.
Over the timescale of the simulations the hydrogen completely
redistributes and a state of equilibrium is achieved, i.e. the chem-
ical potential l is uniform throughout the plate. We concentrate on
this equilibrated state here, because it allows us to compare the
computations directly with analytical expressions. Consider loca-
tion A and B of Fig. 2, where A is at the surface of the hole where
it meets the x-axis and B is remote from the hole, where the stress
is uniform and equal to the applied stress. The chemical potential
at these two locations (see Eq. (9)) is given by:
lA ¼ l0 þ RT ln CLA  rAVH ð31Þ
lB ¼ l0 þ RT ln CLB  rBVH ð32Þ
where the superscripts A and B refer to locations A and B of Fig. 2
rB ¼ 100ð1þ mÞ=3 ¼ 43:3 MPa are equal to the local hydrostatic
component of stress. The hole is small enough to consider that CL
remains equal to the initial value of 20 mol m3 along the top
Fig. 3. Geometry and boundary conditions of the plate with a deep notch.
Table 3
Material parameters.
Parameter Value
NL Number of solvent atoms (Ni) per unit volume 9:24 1028 mol m3
NA Avogadro’s number 6:023 1023 atoms mol1
DL Lattice hydrogen diffusivity 3:8 1011 m2 s1
b Number of interstitial sites per solvent (Ni)
atom
6
qd0 Dislocation density for the annealed material 10 1010 m2
a Lattice parameter 2:86 1010 m
VH Partial molar volume of hydrogen 2 106 m3 mol1
WB Binding energy of hydrogen to dislocations 18 kJ mol1
224 O. Barrera et al. / Computational Materials Science 122 (2016) 219–228horizontal edge of the simulation domain. At equilibrium lA ¼ lB.
By equating (31) and (32) and noting that rA ¼ 130 MPa we obtain
CLA ¼ 1:07 CL ¼ 21:4. We obtain a value of CLA ¼ 21:39 from the
computations which is very close to the analytical solution. It is also
worth mentioning that the distribution of hydrogen concentration
CL follows the distribution of hydrostatic stress which has its max-
imum and minimum values at A and C respectively.
4.2.2. Elastic–plastic plate with a deep notch
Here we consider a plane strain plate with deep double-edged
notches as shown in Fig. 3 which shows a quarter of the plate.
The plate is manufactured from an elasto-plastic material; in the
analysis presented here we assume full coupling between the
mechanical and diffusion processes and make constitutive
assumptions that are appropriate for a Nickel based alloy. The main
reason for analysing this geometry is that it gives rise to a high
degree of plastic constraint, with high level of hydrostatic stress
generated across the minimum section. We explore the effect of
this constraint on the coupled diffusion and plastic deformation
processes and evaluate whether localization of plastic flow can
occur and give rise to a HELP embrittlement mechanism. We
assume that the hydrogen concentration in the lattice is initially
uniform throughout the plate, i.e. CL ¼ 27 mol m3 (this corre-
sponds to about 1000 appm and 17.2 wppm) which is the order
of concentrations at which embrittlement of nickel-base alloys is
observed [21]. All boundaries are insulated. The displacement
experienced by the top surface is gradually increased to a maxi-
mum value of 6 104 m, giving a net elongation of the plate of
1%. The displacement is ramped up over a time of t ¼ 1 105 s.
We solve the full coupled hydrogen diffusion equation in (19) by
implementing the full set of the equations in (23) in the UMATHT
routine. The material parameters used in the simulations are sum-
marized in Table 3. We consider two species of hydrogen: hydro-
gen in the lattice and at dislocation sites, i.e. CT ¼ CL þ CL. We are
interested in predicting how the hydrogen redistributes inside
the plate, both in the normal interstitial sites and at dislocations.
Moreover we are interested to show the effect of plastic strain on
the diffusion process. Following [22] we consider an isotropic
Von Mises plasticity model in which the flow stress is a function
of the hydrogen content. In particular we model the effect of
hydrogen-induced material softening; this is to be viewed as an
attempt to describe the experimental observations of the effect
of hydrogen on dislocation mobility. We assume that the current
yield strength, rY , is a function of the equivalent plastic strain ep
and CL according to the relationship [22]:
rY ¼ rH0 1þ
ep
e0
 1
n
ð33Þ
where
rH0 ¼ W CL
 
r0 ð34Þ
where rH0 is the initial yield strength in the presence of hydrogen
that decreases with increasing hydrogen concentration, 0 ¼ r
H
0
E ; E
is Young’s modulus and W CL
 
is a monotonically decreasing func-
tion of hydrogen concentration at NILS. We further assume that
the dislocation density, qd, depends on the accumulated plastic
strain as follows [22]:
qd ¼ qd0 þ cp p < 0:5 ð35Þ
qd ¼ 1016 p > 0:5 ð36Þ
where qd0 ¼ 1010 m2 denotes the dislocation density for the
annealed material and c ¼ 2 1016 m2. In the simulations pre-
sented here we either assume that W CL
 
is constant or that [9]:W CL
  ¼ 1 1 nð Þ ðCL  CminÞCmax  Cmin
  
ð37Þ
where Cmax ¼ 35 mol m3 and Cmin ¼ 15 mol m3 in order to ensure
that the value of the quantity ðCL  CminÞ=ðCmax  CminÞ is bounded
between 0 and 1. We assume that n ¼ 0:2. r0 ¼ 500 MPa is the ini-
tial yield strength in the absence of hydrogen and n ¼ 5 is the hard-
ening exponent which is considered not to be affected by hydrogen.
For simplicity, we ignore swelling due to the introduction of hydro-
gen into a material. The elastic properties are Young’s modulus
E ¼ 200 GPa and Poisson’s ratio m ¼ 0:3. Eqs. (33) and (34) have
been implemented in a UMAT subroutine within ABAQUS
([10,11]). We solve a coupled diffusion-mechanics problem in
which the plastic strain affects the concentration of hydrogen con-
centration associated with the traps by enhancing the trap disloca-
tion density NX as seen in Eq. (3). Furthermore following Oriani’s
theory the hydrogen concentration in the lattice CL is in equilibrium
with the hydrogen concentration in the traps CX , hence CX also
depends on the local hydrostatic component of stress. The charac-
teristic time for diffusion is t ¼ l2=DL ¼ 4:2 107 s. The length l is
the size of the notch, i.e. l ¼ 4 102 m. Here we consider a total
time of t ¼ 1 106 s and a fixed time step of dt ¼ 1 103 s.
0.00 0.04 0.08 0.12
0.0
0.4
0.8
1.2
[x1.E9]
(a)
(b)
+0.000e+00
+1.317e-02
+2.634e-02
+3.951e-02
+5.269e-02
+6.586e-02
+7.903e-02
+9.220e-02
+1.054e-01
+1.185e-01
+1.317e-01
+1.449e-01
+1.581e-01
Fig. 4. Stress strain curves for (a) rH0 ¼ 500 MPa and (b) rH0 ¼ 100 MPa. The contour
plots of plastic strain at the end of the increment for cases (b) is also included.
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Fig. 5. Distribution of hydrostatic stress ahead of the notch root for cases (a)
rH0 ¼ 500 MPa, (b) rH0 ¼ 100 MPa and (c) rH0 ¼ 500W CL
 
MPa.
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We show first the case in which the hydrogen does not influ-
ence the plastic properties of the material i.e. in (33) the function
W CL
 
is constant. We want to explore the two extreme cases i.e.
(a) W CL
  ¼ 1;rH0 ¼ 1 r0 ¼ 500 MPa.
(b) W CL
  ¼ 0:2;rH0 ¼ 0:2 r0 ¼ 100 MPa.
Fig. 4 shows the stress–strain response in the y-direction (ry
versus y) of the material in the element immediately ahead of
the notch for both (a) and (b). The plastic strain contour plot at
the final increment for case (b) is also included in Fig. 4. The plastic
strain distribution for case (a) is very similar although the magni-
tudes are lower due to the greater contribution from the elastic
strains to the overall deformation arising from the higher yield
strength and stress levels. The material starts yielding at the edge
of the notch where the Von Mises stress is highest. Hence plastic
strain develops first at the notch root and then spreads to the cen-
tre of the plate. The plastic strain at the notch root is slightly higher
in case (b), i.e. p ¼ 15:8%, than case (a), where it reaches a value of
p ¼ 14:2%. Fig. 5 shows the distribution of the hydrostatic compo-
nent of stress ahead of the notch for the two cases. The hydrostatic
stress has a peak at about 0.0036 m from the notch root for both
cases, with the magnitude scaling with the local yield strength of
the material. Fig. 6 shows the corresponding distributions of CL
ahead of the notch, which peaks at CL ¼ 30:4 mol m3 and
CL ¼ 28:4 mol m3 for cases (a) and (b) respectively. CL is higher
in case (a) due to the higher hydrostatic stress. The CX distributions
for cases (a) and (b) are shown in Fig. 7. The hydrogen concentra-
tion associated with the dislocation traps CX is localized in the
region of high plastic strain i.e. it follows the distribution of plastic
strain shown in Fig. 4. Now the amount of hydrogen in the traps is
higher for the low yield strength material due to the higher level of
inelastic strain close to the notch root.
4.2.4. Influence of hydrogen on the flow stress
We now consider the situation where W CL
 
is a function of
hydrogen concentration according to the relationship of Eq. (37).
This relationship is bounded by the two conditions (a) and (b) con-
sidered above and the results for these simpler problems provide a
useful context to evaluate the results for this more complicated
problem. The distribution of rH , CL and CX across the minimum
section are shown in Figs. 5–7 as case (c) where they can be com-
pared directly with the solutions for the situation where the plastic
properties are independent of the hydrogen content. In each case
the trends are very similar, with the results lying close to those
for case (b) considered above. Fig. 8 shows the distribution of
W CL
 
at the end of the simulation which has a minimum value
of 0.354 ahead of the notch where the hydrostatic component of
stress also peaks (Fig. 5) and the concentration in the lattice CL
riches its maximum value (Fig. 6). Fig. 9 shows the distribution
of W CL
 
ahead the notch root with increasing simulation time as
the remote load is ramped up.W CL
 
(and therefore the yield stress
of the material) varies non-uniformly along the minimum section.
As the displacement is increased the stress increases ahead of the
notch root and as the material deforms plastically the hydrostatic
stress and therefore CL increases. This increase in CL promotes soft-
ening of the material, but this is offset by the strain hardening (see
(33)), so there is a gradual net increase in the yield strength rY
throughout the simulation. A consequence of this is that rH and
CL gradually increase and W CL
 
decreases throughout the simula-
tion. Fig. 9 shows that from a distance greater than 0.01 m from the
notch root W CL
 
gradually increases. This in combination withstrain hardening leads to a net increase in the local yield strength.
Fig. 10 shows the stress–strain response in the y-direction i.e. ry
versus y in an element ahead of the notch root together with
the distribution of the plastic strain field at the end of the simula-
tion. This plastic strain distribution is similar to those for the situ-
ations where H does not affect the yield strength of the material
and the position and magnitude of the maximum strains are equiv-
alent to those for case (b) above. Consequence of this is that the
distribution of the density of traps is the same as for case (b). CX
depends on both the density of traps and CL, which is slightly
higher for case (c) than case (b) due to the higher yield strength
and hydrostatic stress. Therefore the distribution of CX for case
(c) in Fig. 7, lies slightly above that for case (b). This indicates that
the deformation ahead of the notch is highly kinematically con-
strained. As the materials local to the notch root softens (compared
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Fig. 6. H concentration in the lattice for cases (a) rH0 ¼ 500 MPa, (b) rH0 ¼ 100 MPa
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in Eq. (33).
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determinacy of this geometry causes the deformation of the mate-
rial to be the same as for a hardening material, but at a lower local
stress level. This results in a local decrease of the hydrostatic as
well as effective stress and therefore a lower H concentration. A
consequence of this is that the yield strength increases. The net
effect here is that the take up of hydrogen and material softening
are self regulating processes and a balance is eventually reached,
i.e. the deformation does not become unstable with progressive
softening of the material. Also, for a plasticity dominated process
there must be a global compatible mechanism of localization/col-
lapse. The high kinematic constraint of the component considered
here means that there are limited mechanisms of plastic collapse
that conserve volume. As a result the deformation is global withsignificant energy dissipation, i.e. there is no evidence of localiza-
tion and embrittlement. We have run simulations in which the
yield strength hence theW CL
 
function decreases more drastically
with increasing hydrogen content in the lattice CL. In order to
achieve this situation we changed the value of Cmin in Eq. (37).
We obtain results similar to Fig. 10. There is no evidence of local-
ization of plastic flow and embrittlement. In order for embrittling
to occur the HELP mechanism needs to act in synergy with another
mechanism such as Hydrogen Induced Decohesion (HID).
Fig. 11 shows the fraction of lattice sites and the fraction of
trapping sites occupied by hydrogen. Following Oriani’s theory
expressed in Eq. (14) hX is significantly more sensitive to the bind-
ing energy WB than to CL. In Fig. 11(a) CL reaches its max value of
CL ¼ 34:88 mol m3 which corresponds to hL ¼ 3:79 105 as
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Fig. 11. (a) hL fraction of Ni lattice sites occupied by hydrogen. (b) hX fraction of
trapping (dislocations) sites occupied by hydrogen.
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about three orders of magnitude higher than hL which is consistent
with the findings of [23].5. Discussion and conclusions
The purpose of this paper is to model the HELP (Hydrogen
Enhanced Local Plasticity) mechanism, fully coupled with hydro-
gen transport. The HELP mechanism implies that hydrogen induces
material softening at the microscale by reducing the applied stress
necessary to move a dislocation through a field of obstacles, hence
enhancing dislocation mobility. The two main features of the HELP
mechanism are (a) material softening and (b) localization of plastic
flow in those regions where the hydrogen content is high. This
should lead to an embrittlement of the material. Here the beha-
viour of the material is represented by an isotropic hardening
law in which the flow stress decreases with increasing hydrogen
content in the matrix, which is evaluated by solving the fully cou-
pled mechanical-diffusion equations. We assume that hydrogen
atoms reside either at NILS or at trapping sites such as dislocations.
The presence of plastic strain enhances the dislocation and trap
density, i.e. the concentration of hydrogen at dislocation traps
which is in equilibrium, following Oriani’s theory, with the popula-
tion of hydrogen at NILS.
We have analysed the response of a plane strain component
which contains deep and sharp doubled-edged notches. We
observe that (a) hydrogen accumulates in high local hydrostatic
stress regions, however high hydrogen concentration results in
local softening, i.e. a low yield strength, and therefore a low hydro-
static stress. This is a self-regulating process where a balance
between hydrostatic stress, hydrogen concentration and yield
strength is achieved. (b) Furthermore we compare the response
in the presence and in the absence of hydrogen. The deformation
of the component is highly kinematically constrained, resulting
in similar strain distribution in both cases. The findings of the sim-
ulations reported in this paper show that softening of the constitu-
tive response due to the presence of hydrogen, does not lead to
localization of strain and a macroscopic brittle response. In order
to observe embrittlement, the HELP mechanism needs to be
accompanied by another mechanism such as hydrogen induced
decohesion (HID). This is currently being investigated by consider-
ing the presence of carbides in the region ahead of the notch. Two
effects due to the presence of hydrogen should be considered: (1)
the reduction of the yield strength of the material as done in this
paper and (2) the reduction of the cohesive strength at the car-
bide–matrix interface. Decohesion at the carbide/matrix interface
and growth of the voids formed around the carbides then promotes
localization of plastic flow in regions of high hydrogen concentra-
tion ahead of the notch root.Acknowledgements
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